









The effects of exercise on cigarette cravings and brain activation in response to smoking-related images.
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Abstract
Rationale: Smokers show heightened activation toward smoking-related stimuli and experience increased cravings which can precipitate smoking cessation relapse. Exercise can be effective for modulating cigarette cravings and attenuating reactivity to smoking cues, but the mechanism by which these effects occur remains uncertain. 

Objective: To assess the effect of exercise on regional brain activation in response to smoking-related images during temporary nicotine abstinence.  

Methods: In a randomised crossover design, overnight abstinent smokers (n=20) underwent an exercise (10-minutes moderate-intensity stationary cycling) and passive control (seating for the same duration) treatment, following 15-hours of nicotine abstinence. After each treatment, participants underwent functional Magnetic Resonance Imaging (fMRI) brain scanning, while viewing a random series of blocked smoking or neutral images. Self-reported cravings were assessed at baseline, mid-, and post treatments. 

Results: There was a significant interaction effect (treatment x time) for desire to smoke, F (2,32) = 12.5, p < .001, with significantly lower scores following the exercise at all time points compared with the control treatment.  After both exercise and rest, significant areas of activation were found in areas of the limbic lobe and in areas associated with visual attention in response to smoking-related stimuli. Smokers showed increased activation to smoking images in areas associated with primary and secondary visual processing following rest, but not following a session of exercise. 

Conclusion: The study shows differing activation towards smoking images following exercise compared to a control treatment and may point to a neuro-cognitive process following exercise that mediates effects on cigarette cravings. 
Introduction
Theories of addiction, such as the Incentive-Sensitisation theory (Robbins & Berridge, 1993), explain how substance-related cues/stimuli acquire incentive-motivational properties and therefore become more attractive and wanted by the individual. Abstinence from the drug of abuse increases the incentive value of the cues that are associated with the substance. Empirical evidence for this notion stems from research that has demonstrated that smokers show preferential biases in attention for smoking-related words or images (reviewed by Field et al., 2009) and also from studies reporting increases in regional brain activation when smokers view smoking-related images (reviewed by Wilson et al., 2004).
	When viewing smoking-related stimuli (versus neutral stimuli) abstinent smokers show increased activation in regions of the brain including the mesocorticolimbic dopamine system (including the nucleus accumben, amygdala, hippocampus, prefrontal cortex, orbitofrontal cortex and anterior cingulate) (Due et al., 2002; David et al., 2005; McClernon et al., 2005; Smolka et al., 2006; McClernon et al., 2009) and areas of the visuo-spatial attention system (e.g. parietal cortex and fusiform gyrus) ( Due et al., 2002; David et al., 2005; McClernon et al., 2005; Lee et al., 2005; Lim et al., 2005; Smolka et al., 2006). During smoking abstinence, smokers experience an increase in attention towards stimuli that are associated with pleasure and reward. Also, regional brain activation in response to smoking cues has been associated self-reported cigarette cravings (e.g. Rose et al., 2007; McClernon et al., 2005). 
	Exercise can offer a useful treatment for smoking cessation (Ussher et al., 2008) and a single session has consistently been shown to reduce cigarette cravings and withdrawal symptoms (Taylor et al., 2007). Even short, moderate intensity bouts have been shown to reduce cravings, cue-reactivity and increase time to ad libitum smoking (Taylor & Katomeri, 2007). However, little is known about the neuro-cognitive mechanisms that may be involved. Shifts in attentional bias away from smoking images, after exercise, may indicate an implicit process involving neuro-cognitive processes (Janse Van Rensburg et al., 2009). 
	One study has offered a potential insight into the possible mechanism that may underpin the role of exercise in reducing smoking cravings (Janse Van Rensburg et al., 2009). In a randomized cross-over design, smokers (n = 10) undertook either an exercise (10-minutes of moderate intensity cycling) or control (passive seating for the same duration) treatment following overnight abstinence. Subjects viewed a series of smoking and neutral images while undergoing fMRI following each treatment. After the control treatment, significant activations were identified in areas of the brain associated with visuo-spatial attention (e.g. parietal lobe, parahippocampal gyrus and fusiform gyrus), drug use motivation (e.g. orbitofrontal cortex) and reward (e.g. caudate nucleus). Following the exercise treatment, these areas showed hypoactivation. Self reported cravings were significantly lower during and following the exercise compared with the control treatment. While significant differences were noted in activations between the control and exercise treatments, there was no significant interaction between treatment (control/exercise) and cue type (smoking/neutral) (i.e. there was no difference in activations between smoking and neutral cues as a function of the control or exercise treatment). This raises concerns about the specificity of any effects of the exercise in attenuating responses to smoking cues only, although the study may have lacked statistical power with a sample of 10 smokers. A further limitation may be that the duration of image presentation and inter-stimulus interval (ISI) were relatively short (e.g. 3 secs presentation, and mean 10 secs ISI, randomly varying between 8-12 secs). This may have lead to a saturation of BOLD (i.e. the timing between image presentation was too short to differentiate between image type). Therefore, a block design imaging protocol may offer improved statistical power to extend our understanding of how exercise acutely impacts on smoking cue reactivity (Friston et al., 1999). 
	The aim of this study is, therefore, to assess the effects of a single session of exercise on brain activation in response to a series of smoking or neutral images, presented in a block design, during temporary nicotine deprivation. 

Methods
Participants: 20 smokers were recruited through public poster advertisements and individually screened for suitability. Participants were eligible to take part if they were between the ages of 18-50, smoked at least 10 cigarettes a day, had been a regular smoker for 2 or more years, and were not currently making an attempt at smoking cessation. Participants were required to be free from injury or illness that would inhibit their ability to safely exercise at a moderate intensity.   

Task and Procedure: The study received institutional ethical approval and all participants gave their informed consent. Participants were asked to abstain from smoking overnight to elevate tobacco cravings. Expired carbon monoxide (CO) levels were recorded (using a Bedfont Smokerlyzer) upon arrival to confirm 15-hour abstinence. Participants were eligible to take part if their absolute level of CO was below 10 parts per million (ppm).  Baseline nicotine dependence (Fagerstrom Test for Nicotine Dependence; FTND) (Heatherton et al., 1991) was also assessed. In a randomized crossover design participants began with either an exercise or passive control treatment. Throughout both sessions, the interaction between participant and investigator was kept to a minimum with standardized instructions provided. 

Passive treatment. The control treatment involved sitting passively in the laboratory without access to reading materials, mobile phone or internet for 10 minutes. Such a brief period of passive sitting has previously been shown to generate stable measures of self-report cigarette cravings (Taylor et al., 2007). 
Exercise treatment. Following a brief familiarization period participants exercised on a Monarch cycle ergometer, involving a 2 minute warm up, then 10 minutes at a subjective Rating of Perceived Exertion (RPE) (Borg, 1998) of 11-13 (i.e. moderately hard perceived intensity/effort). The use of RPE scores as a means of assessing exercise effort are widely accepted as they have been found to have a significant correlation with physiological measures, such as heart rate (Chen et al., 2002). A POLAR heart rate monitor (only visible to the investigator), worn throughout the session, allowed relative exercise intensity to be calculated. 
	Upon completion of the passive and exercise treatments, participants were required to enter the MRI scanner. Scanning lasted approximately 15 minutes on both occasions.

fMRI data acquisition: Scanning was performed on a 1.5T Philips Gyroscan magnet at the Peninsula MRI research center, University of Exeter, UK. A T2*-weighted echoplanar imaging (EPI) sequence was used (TR = 3000ms, TE = 50ms, flip angle = 90°, 32 oblique transverse slices in ascending order and matrix size = 3.6 x 3.6 x 4 mm). 251 volumes were acquired in each of the scanning sessions per subject.
 
fMRI imaging: The pictorial stimuli were derived from the International Smoking Images Series (ISIS) (Gilbert & Rabinovitch, 1998) and consisted of 30 smoking-related (images of hands holding cigarettes, pictures of cigarettes, people smoking) and 30 neutral images (hands holding pens, items of stationary). Sets of stimuli were matched for body parts, colour contrasts and size. The smoking-related images have been used in previous studies involving fMRI analysis in smokers compared with non-smokers (David et al., 2005) and abstinent versus satiated smokers (McClernon et al., 2005), using a similar experimental paradigm with no exercise treatment. 
The images were placed into blocks of 3 smoking or 3 neutral. Each image was displayed for 6.6 seconds (i.e. each block was displayed for 19.8 seconds). Following each block a black fixation cross was presented on a white screen for 19.8 seconds. Images were displayed using E-prime software (Psychological Software Tools, version 1.1) and participants were able to view these on a screen placed at the foot of the scanner via a mirror mounted on the head coil. The design of image presentation has been successful used in a previous study of this kind, but using no exercise treatment (Smolka et al., 2006).
	No additional cognitive task was required to be completed while in the scanner, as simple tasks have been linked to potentially confounding brain activations (Taylor et al., 2003). To ensure that the participants remained focused on the images participants were told that they would be asked to answer some questions about the images after the imaging session. 

Subjective measures of cravings: Cigarette cravings were assessed using a 7-point scale (1-strongly disagree, 4-neither agree nor disagree, 7-strongly agree) for the statement ‘I have a desire to smoke right now’ (Tiffany & Drobes, 1991) and for the statement ‘strength of desire to smoke right now’ (West & Russell, 1985). These single items have been shown to be sensitive to the effects of exercise in numerous studies (Taylor et al., 2007). Cravings to smoke were assessed outside the scanner at baseline (T1), mid- (T2) and post-treatment (T3) for both treatments. 

Data analysis: Subjective measures of cravings were analysed using SPSS version 14. An initial paired t test was conducted to identify any order effects. To assess the effects of exercise compared with a passive control treatment a two-way fully repeated ANOVA was conducted. The main effects of treatment and time, and the interaction (condition X time) for the dependent variable were examined, using a Greenhouse-Geisser correction where appropriate. All subjective responses are presented as means (SD). 
fMRI data. Data were analysed using SPM5 Software (www.fil.ion.ucl.ac.uk/spm). The fMRI images were pre-processed -realigned, normalized, sliced timed (ascending sequence, 32 slices, TR = 3 seconds) and smoothed (to 6mm). The movement threshold was 4mm for transition and 4 degrees for rotation. Event types were modelled for each subject (fixation, non-smoking and smoking) using a canonical hemodynamic (hrf) with no time derivative. Following estimation (using a general linear model, high pass filter with a cut-off frequency of 256), a series of one-sample t tests were carried out. Having created a series of t-contrast images for each subject and each event, a random effects (second level) analysis was carried out to assess a) which voxels showed activation to smoking images compared to control images across the two treatments and b) which voxels showed activation to smoking compared to neutral for each treatment. An uncorrected statistical threshold p < .001 and a voxel cluster threshold of 10 were used. In order to determine the site of activation, MNI (SPM) coordinates were converted to Talairach coordinates and an atlas of Talairach and Tournoux (1988) was used.

Results
Behavioural Data: The participants had a mean (SD) FTND score of 2.3 (1.3), smoked 12.3 (3.0) cigarettes per day, and had smoked for 4.5 (1.4) years. Participants exercised at a mean (SD) heart rate of 124.5 (9.9) beats per minute. Baseline ‘desire to smoke’ was 5.3 (1.2) and 5.3 (1.2) prior to exercise and control, respectively. A paired t-test revealed no significant difference between the scores.  

A 3 (time) X 2 (group) fully repeated ANOVA revealed a significant time X group interaction effect for desire to smoke, F (2,32) = 12.5, p < .001, and main effects of Time, F (2, 32) = 6.5, p < .01, and Condition, F (1, 16) = 28.2, p < .001. Mid-treatment (T2) means (SD) were 5.7 (0.77) and 3.3 (1.6) and post-treatment (T3) means (SD) were 5.7 (0.77) and 3.4 (1.5) for the control and exercise treatments, respectively, as shown in Figure 1. Planned contrasts (with a Bonferroni correction adjustment for the number of tests) revealed that desire to smoke scores were significantly lower in the exercise treatment compared with the control treatment at mid (t = 6.8, p < .001) and post treatment (t = 4.8, p < .001).   

Insert Figure 1 about here

A 3 (time) X 2 (group) fully repeated ANOVA revealed a significant time X group interaction effect for strength of desire to smoke, F (2,28) = 5.6, p < .01, with main effects of Condition, F (1, 14) = 14.6, p < .01, but not for Time, F(2,28)=2.3, p>.05. Mid-treatment (T2) means (SD) were 5.3 (.94) and 3.6 (1.7) and post-treatment (T3) means (SD) were 5.4 (1.0) and 3.7 (1.6) for the control and exercise treatment, respectively, as shown in Figure 2. Planned contrasts (with a Bonferroni correction adjustment for the number of tests) revealed that strength of desire to smoke scores were significantly lower in the exercise treatment compared with the control treatment at mid (t = 4.3, p < .001) and post treatment (t = 3.3, p < .001).   

Insert Figure 2 about here

fMRI data: Comparisons between smoking > neutral images from the random effects ANOVA revealed areas of activation including the insula and the superior parietal lobe.  

Insert Table 1 and Figure 3 about here

Following the control condition, regional brain activation was seen in the cuneus, and middle and inferior occipital lobe in response to smoking images, versus neutral images. In contrast, no areas of activation were seen after exercise.   
	
Insert Table 2 and Figure 4 about here

Discussion 
The present study is in line with previous studies that have shown a consistent reduction in self-reported desire or strength of desire to smoke during and following exercise (Taylor et al, 2007). This study also found that individuals who are temporarily abstinent from smoking show distinct patterns of brain activation in response to smoking-related images.  
Specifically, regardless of session type (i.e. control or exercise), when compared to neutral-related images, individuals displayed a significant cue response to smoking-related images in areas of the brain including the superior parietal lobe and the insula. 
Exposure to smoking cues activated the insula, a limbic structure that is thought to mediate the autonomic responses to drugs of abuse (Garavan et al., 2000). It is also a commonly implicated region in smoking cue reactivity (Wilson et al., 2004). Increased activation of the insula has been found in previous studies assessing reactivity to smoking images. For example, McBride et al (2006) and McClernon et al (2007) found that insula activation was higher in response to smoking (versus neutral) images. Using alternative imaging techniques (such as Arterio-Spin Labeling; ASL), Franklin et al (2007) demonstrated increased perfusion in the insula in response to cigarette images while a Positron Emission Tomography (PET) study has shown that cigarette cravings were positively correlated with metabolism in the insula (Brody et al., 2002). 
Greater smoking cue activation was also seen in the superior parietal lobe, a region that has been implicated in visual attention and has been previously reported in studies assessing reactivity to smoking images during nicotine deprivation (i.e. McClernon et al., 2009).  These studies show that, compared to neutral images, smoking images elicit activations in regions commonly associated with limbic and visual attention. Individuals may also show heightened attention to images that they associate with reward and pleasure, while experiencing nicotine cravings and withdrawal symptoms. Activation of both visual attention and reward pathways have been previously reported when smokers view smoking images versus neutral images (e.g. Smolka et al., 2006; Due et al., 2002). 
When each of the treatments are considered separately, following the control treatment, we found activation in response to smoking images (versus neutral images) in the cuneus and the inferior occipital gyrus extending to the middle occipital gyrus. Increased activation in response to smoking-related images has been previously reported in secondary visual processing areas such as the cuneus (e.g. Wilson et al., 2004; McClernon et al., 2007; McClernon et al., 2009). Suggesting individuals showed enhanced visual attention towards these stimuli. Activation of the cuneus in response to cigarette-related cues has been found when individuals allowed themselves to experience cigarette cravings (Brody et al., 2007) or when individuals are told that they are able to smoke immediately following the testing session (McBride et al., 2006). BOLD activity in the cuneus has also been shown to be positively correlated with nicotine dependence (as assessed via FTND scores) (e.g. Smolka et al., 2005). 
Following the control treatment, activation to smoking cues was also seen in the inferior and middle occipital gyri. Such activations have been associated with the primary visual cortex and have been previously reported (e.g. Wilson et al., 2004; McClernon et al., 2009). Self reported cue-induced cravings have been found to be correlated with BOLD responses in the middle occipital gyrus (Smolka et al., 2006).  
The above studies suggest that when nicotine deprived smokers view smoking-related images, they show heightened activation in areas of the brain associated with primary and secondary visual processing.  
Following the session of exercise, the individuals showed no activations to smoking images (i.e. smoking>neutral).  These findings are in line with studies that have found that following cigarette smoking (or nicotine satiation), there are no activations to smoking images (versus neutral images) (e.g. McClernon et al., 2009). Suggesting that a session of exercise may cause a shift in regional brain responses in a similar way that smoking (or being satiated) does. 
The reason why or in fact how exercise does this remains unclear. An emerging hypothesis suggests that during (and for a period of time following) aerobic exercise there is a temporary inhibition of certain brain regions that are not directly essential to performing and maintaining the exercise, or physiological homeostasis. This so called ‘Transient Hypofrontality’ hypothesis states that areas of the frontal lobe that are involved in higher cognitive functions are disrupted during and for a time following exercise (Dietrich, 2003). Such evidence stems from research that suggests that a single session of exercise selectively impairs performance on tasks that require prefrontal cognition compared to those that do not (Dietrich & Sparling, 2004). 
Given that there is evidence to suggest that the brain receives no additional resources during exercise (Dietrich, 2003) and the premise that global blood flow (and global cerebral metabolism and oxygen uptake) to the brain during exercise remains constant (e.g. Ide & Secher, 2000), it is of no surprise that exercise can be seen as placing a large strain on the brain’s limited information-processing capacity (Dietrich, 2003). The brain becomes overloaded with having to control for the physiological demand placed on the body by the exercise and is, according to Dietrich (2006), unable to sustain activation in all neural structures at once. Thus the activation of structures involved in maintenance of physiological homeostasis (i.e. ensuring that body does not overheat and heart rate is optimal) comes at the expense of the others (i.e. those involved in higher cognitive functioning and addiction processes). Therefore, it may be that the benefits of exercise are that it acts as a tool to increase the strain on the brain’s information processing capacity, causing hypo-activation in areas of the frontal cortex that are involved in reward processing and linked with cigarette cravings. 
This study extends a previous study (i.e. Janse Van Rensburg et al., 2009) as it shows differential patterns of regional brain activation in response to the smoking and neutral cues following each of the treatments. Specifically, the previous study found that there was a different pattern of brain activation following the control versus the exercise treatments, but this was not specific to the type of cue (rather an effect of treatment type). Like the previous study, this study did not find a significant interaction (i.e. treatment type by cue type) in brain activation, but rather differences in activation in response to smoking cues following the control and exercise session individually. One reason for such findings may be due to the decision to implement a relatively stringent statistical threshold (i.e. p < .001, cluster threshold 10). Such statistical thresholding should mean that Type I errors (i.e. false positive resulting from artefact/noise) are avoided/minimized. However, recent reviews have suggested that such conservative thresholding may lead researchers to overlook some ‘real effects’ (ie, Type II errors)(Lieberman & Cunningham, 2009). Therefore, it may be that there was a significant interaction between treatment type and cue type, but it did not meet the threshold for significance defined in this, and the previous study. 
There are some limitations to this study that could be addressed in future research. Firstly, the participants’ exercise/physical activity levels were not recorded. It may be that physically active level moderates any effects with those who are more habituated to exercise responding differently.  Secondly, the exercise treatment in the present study was relatively brief and of moderate intensity. Recently, Scerbo and colleagues (2010) reported that running (compared with the passive condition) reduced the desire to smoke for up to 10 min post-treatment, whereas walking only reduced it until immediately post-treatment. Although participants were quickly moved from the cycle ergometer to the scanner, future studies should consider the effects of more vigorous intensity exercise on BOLD responses to smoking versus neutral images. Thirdly, emerging evidence (Haasova et al, 2011) suggests that older smokers and those smoking more cigarettes per day have a greater reduction in cigarette cravings following exercise. In the present study, smokers had only smoked an average of 4.5 years and only smoked an average of 12 cigarettes per day. It may be that heavier smokers and those smoking for longer will show different fMRI responses to smoking images and that exercise treatments have more pronounced effects on regional brain activations. Future studies should aim to recruit a sample of more heavily dependent smokers. 
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Figure 2: Self report strength of desire to smoke for the control and exercise treatments.
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